Introduction
The phenothiazines are commonly used as antipsychotic agents or antihistamines with anticholinergic activity. 1 They also have antibacterial, antifungal, antiprotozoal, antihelmintic and antiviral activity. 2 The reversal of clinical resistance by some phenothiazines 3, 4 has drawn fresh attention to these compounds.
The antibacterial activity of methdilazine [10-(1-methyl-3-pyrrolidyl methyl)phenothiazine], a commonly used antihistamine, against a wide range of bacteria 5, 6 prompted us to examine its mechanism of action. Therefore, bacterial cell membrane function was assessed by measuring the leakage of potassium, release of small UV-absorbing compounds (absorbance at 260 and 280 nm), the extent of glucose uptake and efflux. 7 Although synergy of some antibiotics and methdilazine has been reported, 5 we report, for the first time, that methdilazine can induce an alteration in bacterial cell membrane function.
Materials and methods
Methdilazine hydrochloride (mol. wt 296; (Glaxo, London, UK), [U- 
Culture and growth inhibition experiments
Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923 were grown overnight in tryptone soya broth (Oxoid, Basingstoke, UK), then suspended at 10 6 cfu/mL in 10 mL of Mueller-Hinton broth containing methdilazine at various concentrations and incubated at 37°C. Aliquots were removed at hourly intervals to determine the viable count.
Biochemical studies
The overnight culture of E. coli or S. aureus was diluted to 10 7 cfu/mL in synthetic medium (NH 4 Cl, 1.0 g/L; MgSO 4 , 0.13 g/L; KH 2 PO 4 , 1.5 g/L; Na 2 HPO 4 , 3.5 g/L; glucose, 5.0 g/L; pH 6.9) and incubated at 35°C on a shaker. Cells from the mid-exponential phase were collected, washed and resuspended (10 9 cfu/mL) in 0.2% glucose containing phosphate-buffered saline, with or without methdilazine. 14 C]glucose uptake and a rapid efflux of hexose from sugar-preloaded bacteria were also observed but without visible cellular lysis. Considerable damage to membrane permeability by methdilazine was proposed to explain the rapid loss in cfu/mL of the bacteria.
Bedford, MA, USA) before measuring potassium leakage using an EEL flame photometer (Evans Electro-Selenium, Halsted, UK) and estimating the absorbance of the filtrate at 260 and 280 nm using a Hitachi U3200 spectrophotometer (Hitachi Corporation, Tokyo, Japan).
Cell viability
Control and methdilazine-treated samples were withdrawn and plated in quadruplicate on nutrient agar to record viable counts.
Transport studies
Glucose transport was measured according to the method of Romano et al. 8 In brief, cells from overnight cultures were washed and resuspended in 6 mL of basal salt solution (BSS: NaCl, 5. 
Results and discussion
The antibacterial and membrane-damaging activities of methdilazine in E. coli and S. aureus were assessed in Mueller-Hinton broth and a synthetic medium. In these media both bacteria remained fully viable after 4 h of incubation, indicating that the suspending medium did not cause any loss of viability, though very small amounts of leakage of both K and a small UV-absorbing compound occurred (Figure 1 ). Methdilazine was bacteriostatic at 0.1 mmol/L and bactericidal at 0.2 mmol/L against E. coli and S. aureus. Raising the concentration to 0.5 mmol/L led to a profound reduction in the viable cell count within 3-4 h (data not shown).
Potassium leakage, release of UV-absorbing material and glucose transport are measures of membrane damage, a potential mode of action of methdilazine. The leakage of potassium and small UV-absorbing compounds is shown in Figure 1 . Methdilazine at a concentration of 0.1 mM induced leakage of 40-50% of the intracellular pool of K and UV-absorbing materials from both E. coli and S. aureus within 30-50 min. At 0.2 mM leakage was rapid and very high (about 80% of the pool) (Figure 1 ). Cell death ranged from 20-30% without cellular lysis. Therefore, exposure to methdilazine for a short period of time (45-60 min) caused membrane damage, resulting in an alteration in membrane permeability. Longer exposure to methdilazine reduced the viability of bacteria. As there was no lysis the damage may have been to the inner membrane. The membrane is a highly organized structure containing , 0.2 mM methdilazine) and S. aureus ( , control; , 0.1 mM methdilazine; , 0.2 mM methdilazine).
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Membrane permeability alteration by methdilazine integral proteins that create the proton-motive forces responsible for membrane transport and cell viability. The action of methdilazine might have disorganized this structure, a hypothesis further substantiated by the abrogation of glucose uptake or its rapid efflux from preloaded cells. Transportation of glucose by the C-terminus of the Na /glucose cotransporter requires participation of Na at its N-terminus. 9 The equilibration of this process occurred within 5-6 min and any interference of Na translocation also affected sugar transportation. 9 In our study an interaction of 4-5 min with the drug appeared to be necessary for the inhibition of glucose uptake (Figure 2 ). The efflux of preloaded glucose after exposure to methdilazine was very rapid. This phenomenon has been observed with amphotericin B on bacteria. 10 Cellular glucose transport, a highly specialized metabolic event regulated on the inner side of the plasma membrane, 9 was probably impaired after the interaction with methdilazine. Promethazine, a phenothiazine, caused cell membrane alteration by displacing bivalent cations. 4 Other studies have shown that methdilazine can act synergically with streptomycin or kanamycin 2,5 but here we show that it can act alone to alter the function of the cell membrane, probably by cytoplasmic membrane damage.
Many non-antibiotic agents (e.g. phenothiazines and tricyclic antidepressants) used in combination with antibiotics have been shown to reverse antimicrobial drug resistance. 2, 3 This antimicrobial activity of phenothiazines appears to be independent of their antihistamine or other activity and may be of therapeutic value in overcoming drug resistance. 
